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SOLUTION-PROCESSED THIN FILM TRANSISTOR FORMATION METHOD 

1 0 FIELD OF THE INVENTION 

The invention is in the semiconductor field. The invention particularly 
concerns solution-processed thin film transistors. 

BACKGROUND OF THE INVENTION 

15 Solution-processed thin film transistors hold great promise to 

fundamentally change the semiconductor industry. Their uses run the gamut of 
conventional transistor uses, and may be formed into light emitting structures. 
Materials used in the thin films, such as conductive polymers, are durable and 
can be flexible, thereby providing a range of uses in demanding environments. 

20 The solution-processed thin film transistors also hold the potential to be 

fabricated by simple techniques, e.g., direct printing of circuits. A long-term goal 
is to have circuits of solution-processed thin film transistors printed on a 
substrate in similar fashion to the way ink is patterned in a printing press. 
Proposed manufacturing techniques seek to employ relatively simple 

25 procedures such as inkjet printing. A critical issue, however, remains feature 
size. Small feature sizes, e.g., small channel lengths, produce small threshold 
voltages and fast operation. However, introducing conventional techniques to 
produce small feature sizes, e.g., lithography, adds complexity and expense that 
contradicts the goal of achieving simply manufactured devices and circuits. 

30 Solution-processed deposition also places demands on the materials 

used to form features, particularly when an ink jet deposition process is utilized. 
The material being deposited must have adhesion, temperature, and other 
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material characteristics suitable for deposit through an ink jet head. On the 
other hand, the material deposited should quickly achieve solid phase, adhere 
to the substrate or material layers onto which it is deposited, and remain within 
the boundaries intended by the controlled ink jet deposition. 
5 Screen printing is an example technique for patterning drain and source 

regions of solution-processed thin film transistors. A gap of about 100pm may 
be produced by this technique. Other techniques may produce smaller sized 
gaps, but have limitations such as being limited to use on small substrates. An 
example is a technique that converts portions of organic polymer materials to 
10 dielectric through selective use of UV radiation. Thus, there remains a need for 
solution-processed thin film formation methods capable of producing small 
feature sizes. 

SUMMARY OF THE INVENTION 

15 An exemplary solution-processed thin film transistor formation method of 

the invention forms solution-processed thin film layers into a transistor structure. 
During formation, semiconductor portions of the transistor structure are 
selectively heated via a laser to modify the material state of semiconductor 
material from a solution deposited material state to a thin film layer material 

20 state. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a block diagram of an exemplary embodiment method for 
solution-processed thin film transistor formation; 
25 FIG. 2 is a schematic diagram of an exemplary embodiment method for 

solution-processed thin film transistor formation; 

FIGs. 3A - 3C are schematic block diagrams illustrating an exemplary 
embodiment formation method and solution-processed thin film transistor of the 
invention; 

30 FIGs. 4A - 4C are schematic block diagrams illustrating a second 

exemplary formation method and solution-processed thin film transistor of the 
invention; 
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FIGs. 5A - 5C are schematic block diagrams illustrating a third 
exemplary formation method and solution-processed thin film transistor of the 
invention; 

FIGs. 6A and 6B illustrate an exemplary embodiment device isolation 
5 step for the FIGs. 3A - 3C formation method; and 

FIG. 7 illustrates an exemplary embodiment device isolation step for the 
FIGs. 4A - 4C formation method. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

10 The invention concerns solution-processed thin film transistor formation 

that makes use of selective laser heating to affect a solution phase deposited 
semiconductor material. An exemplary solution-processed thin film transistor 
formation method of the invention forms solution-processed thin film layers into 
a transistor structure. During formation, semiconductor portions of the transistor 

15 structure are selectively heated via a laser to modify the material state of 
semiconductor material from a solution deposited material state to a thin film 
layer material state. 

In exemplary embodiments, the laser heating vaporizes solvent to leave 
a semiconductor material that was part of the solution. At the same time, the 

20 semiconductor material released from the solvent is cured, annealed, sintered 
or re-crystallized depending upon the particular semiconductor material being 
deposited. In exemplary embodiments, ablation is also employed to remove 
material as part of a patterning step for the semiconductor material, or for 
patterning conductive and dielectric thin film layers. Solution-processed, as 

25 applied to modify material and thin film and used herein, refers to those 
materials that are either soluble in a solution or capable of suspension in a 
solution so they may be processed by a solution technique, e.g., ink jet printing 
or spin coating, and formed into a thin film. Exemplary categories of solution- 
processed thin films include small molecule organic thin films and polymer thin 

30 films. The majority of the solution-processed materials that can be formed into 
thin films are the conductive polymers, semiconductive polymers and dielectric 
polymers. However, a solution-processed material may also be a suspension of 
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small molecule organic materials in a solvent or a precursor of small organic 
molecular material that is soluble in a solvent. One example is the pentacene 
precursor that is soluble in chloroform. It can be spin-coated to form a thin film 
and then heated to reduce to pentacene at temperatures of -200 C. Pentacene 
5 is a small molecular organic semiconductor instead of a polymer. Also, a 
solution-processed material may be a suspension of inorganic semiconductor 
nano-particles in a solvent that may be solution-processed to form thin films. 

In exemplary embodiments, a solution based processing is used to 
roughly pattern a portion of a solution-processed thin film transistor being 

10 formed. For example, solution processing techniques may form into a rough 
pattern conductive solution-processed thin film contacts, semiconductor 
solution-processed thin film active regions, or dielectric solution-processed thin 
film isolations in a sequence and organization to form a solution-processed thin 
film structure capable of transistor operation. Patterning of contacts, active 

15 regions, or isolations may be refined by selective laser ablation. The ablation is 
preferably tuned to a wavelength to achieve maximum absorption by the 
material being ablated and to minimize damage to material undfer the material 
being ablated. In other embodiments of the invention, laser ablation is used to 
completely pattern a contact, active region, or dielectric. In such embodiments, 

20 rough patterning in the solution based processing deposition is unnecessary. 
As an example, conductive polymer material is deposited by solution based 
processing without a pattern. Selective laser ablation then is used to pattern 
contacts, e.g., circuit interconnect patterns, in the solution-processed conductive 
material. The laser radiation may also be directed through an optical mask, 

25 permitting the formation of relatively complex patterns simultaneously, e.g., the 
ablation of multiple channel areas at the same time. 

The invention will now be illustrated with respect to exemplary 
embodiment thin film transistor devices. In describing the invention, particular 
exemplary devices and device applications will be used for purposes of 

30 illustration of the invention, but the invention is not limited to the formation of the 
particular illustrated devices. Dimensions and illustrated devices may be 
exaggerated for purposes of illustration and understanding of the invention. 
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Reference numerals may be used in different embodiments to indicate similar 
features. The elements of the drawings are not necessarily to scale relative to 
each other. Rather, emphasis has instead been placed upon clearly illustrating 
the invention. A device illustrated in conventional fashion by a two-dimensional 
5 schematic layer structure will be understood by artisans to provide teaching of 
three-dimensional device structures and integrations. 

The exemplary embodiments may be constructed with any combination 
of solution-processed electronic materials capable of being formed into thin 
films. By way of example, poly(3,4-ethylenedioxythiophene), also called 

10 PEDOT, is a conductive polymer suitable for drain, gate and source contacts. 
An exemplary dielectric polymer is poly(vinylphenol), also called PVP. Other 
exemplary polymer materials, like the specific examples, will exhibit the ability to 
be solution processed and formed into very thin films. 

Suitable solution processed semi-conductor materials include a number 

15 of categories of materials. A first category is small molecule organic 
semiconductor precursors. For these materials, the annealing process is a 
chemical reaction in which laser provides energy for the reaction to carry on and 
the end product of this chemical reaction is an organic semiconductor thin film. 
As a specific example, pentacene can be reduced from its precursor at around 

20 200 °C. A second category is small molecule organic semiconductor 
suspensions. Most small molecule organic semiconductor material is not soluble 
in most solvents, but can be formed into a suspension. In this case, the 
annealing process is a physical reaction in which the laser provides energy for 
the organic semiconductor particles to melt after solvent is evaporated and the 

25 end product is a continuous semiconductor thin film. A third category is 
inorganic semiconductor nano-particles such as the CdSe nano-particle. In this 
case, the annealing process is a physical reaction that involves melting and 
solidification. A fourth category is polymer semiconductors. In general, this type 
of material can be dissolved in a solvent. However, aligning the deposited 

30 material in a certain direction is important. A liquid crystal type of polymer will 
react to heat and stretch its long chain along a specific direction. Such a 
directional coating material may be used according to the invention before 
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depositing a solution of polymer semiconductor. In response to laser heating, 
the directional coating material will stretch, which also forces the polymer 
semiconductor to align. A final category is a small molecule organic 
semiconductor solution. Most small molecule organic semiconductors are 
5 insoluble in most solvents, so a suspension is more likely to be achieved in 
practice. 

Referring now to FIG. 1, an exemplary embodiment method for solution- 
processed thin film transistor formation is illustrated. The method begins with a 
step (10) of preparing solutions for solution deposit of thin film layers. Suitable 

10 conductive and dielectric solutions are discussed above. In an exemplary 
embodiment, a semiconductor solution is prepared by dissolving small molecule 
organic semiconductor material, polymer semiconductor material, or small 
molecule organic semiconductor precursor in a solvent. In another exemplary 
embodiment, small molecule organic semiconductor is suspended as particles 

15 in an organic solution. In another exemplary embodiment, inorganic 
semiconductor material is suspended as nano-particles in an organic solution. 
An exemplary step (12) for the use of polymer semiconductor solutions coats a 
layer onto which the polymer semiconductor solution is deposited with a 
material that will respond directionally (anistropic) to selective laser heating to 

20 promote the formation of semiconductor polymer material along lines defined by 
the directional coating. The solution containing semiconductor material is 
deposited, preferably by a direct printing technique, and most preferably by ink 
jet deposition (step 16). Selective laser heating is applied to the semicondcutor 
material (step 18). This is maintained (step 20) until a material change from 

25 solution to thin film is achieved and a solution processed semiconductor thin film 
is obtained. 

The steps are carried out as part of a solution processed transistor 
formation method, in which solution processing by conventional techniques or 
by a corollary process to the semiconductor deposit is used to also form 
30 conductive solution-processed thin films including thin film contacts, and 
dielectric solution-processed thin film isolations in a sequence and organization 
to form a solution-processed thin film structure capable of transistor operation. 
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The heating of the semiconductor layer (steps 18 and 20) is by a laser 
preferably having a wavelength and intensity to vaporize the solvent in the 
semiconductor solution and thereby form the semiconductor solution processed 
thin film active regions. The selective laser heating may also simultaneously 
5 cure, anneal, sinter or re-crystallize the solution processed semiconductor 
material contained in the semiconductor solution. 

FIG. 2 schematically illustrates a method in accordance with the FIG. 1 
exemplary embodiment for forming a solution processed semiconductor thin 
film. A semiconductor solution 22a is deposited from a set of ink jet heads 24 

10 onto a substrate 26. The substrate 26 is moved with respect to the ink jet heads 
24 to permit an assembly-line style deposit of prepared semiconductor solution. 
A laser beam 28 heats the deposited solution to change its material state into a 
solution-processed semicondutor thin film 22b. Patterning may be carried out 
as is known in the art of direct printing of semiconductors by controlling the 

15 pattern of solution deposit prior to the laser heating. In exemplary 
embodiments, however, and to further the ability to form a complete assembly- 
line style production process for transistor formation, embodiments of the 
invention use laser ablation to create or complete patterns in the formed solution 
processed semiconductor thin film, as well as conductive and dielectric thin 

20 films. 

Referring now to FIGs. 3A - 3C, an exemplary embodiment formation 
method and solution-processed thin film transistor 29 of the invention are 
illustrated. The transistor has source and drain contacts 30, 32 formed upon a 
substrate 34. The substrate 34 should have good dielectric properties and must 

25 be compatible with the solution-processed thin film materials used to form the 
transistor 29. Suitable exemplary substrates include glass, polycarbonate, 
polyarylate, polyethylenterephtalate (PET), polyestersulfone (PES), polyimide, 
polyolefin, and polyethylene naphtthalate (PEN). Initially, conductive solution- 
processed thin film material 36 is deposited upon the substrate 34, preferably by 

30 inkjet printing. As an example, though a single device is illustrated, the 
conductive solution-processed thin film material 36 may be formed into a rough 
pattern such as a circuit interconnect pattern used to connect multiple 
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transistors. After a rough patterned deposit of the conductive solution-processed 
thin film material 36, refined patterning is conducted by laser ablation, as 
illustrated in FIG. 3B. In FIG. 3B, laser irradiation 38 tuned to a wavelength that 
will be selectively absorbed by the conductive solution-processed thin film 
5 material 36 is used to pattern a transistor channel 40 between the source and 
drain contacts 30 and 32. To reduce threshold voltage, the channel is 
preferably made narrow, e.g., less than 5 pm. Of course, some device 
architectures permit wider channels, and the maximum channel width is solely 
dependent upon device architecture. As for minimum channel width, channel 

10 widths of less than 1 pm can be formed with optimization of laser wavelengths 
and focusing optics depending upon the particular solution-processed materials 
used. Properly tuned laser radiation will ablate the conductive solution- 
processed thin film material and have a minimal or no effect on the underlying 
material, i.e., the substrate 34 in FIGs. 3A - 3C. 

15 After the transistor channel is formed 40, a thin film of semiconductor 

solution-processed thin film material is deposited to form an active region thin 
film layer 42 over the source and drain contacts and exposed portions of the 
substrate 34. Semiconductor material deposits into the transistor channel 40 
during this part of the formation process. Formation of the semiconductor thin 

20 film layer is conducted in accordance with the invention, and as exemplified in 
FIGs. 1 and 2. Direct printing, and particularly ink jet printing, is also preferred 
for the deposition of a dielectric solution-processed thin film material to form an 
isolation layer 44 over the active region thin film layer 42, though other solution 
processing techniques, e.g. spin coating, may be used. Conductive solution- 

25 processed thin film material is then deposited upon the isolation layer 44 to form 
a gate contact 46. The gate contact deposit is preferably by Inkjet printing. In 
addition, there may be a rough deposition of the gate contact 46 followed by 
selective ablation for refining the pattern. The gate contact 46 may form part of 
a circuit interconnect pattern, as well. 

30 Referring now to FIGs. 4A - 4C, a second exemplary embodiment 

formation method and solution-processed thin film transistor 48 of the invention 
are illustrated. Initially, conductive solution-processed thin film material is 
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patterned upon the substrate 34 to form a gate contact 46. As in the FIGs. 3A - 
3C embodiment, the gate contact 46 may be patterned roughly by a deposit and 
then refined by laser ablation. The gate contact 46 may also form part of a 
circuit interconnect pattern. A dielectric solution-processed thin film material 
5 thin film layer 44 is then formed over the gate contact 46 and exposed portions 
of the substrate. This is followed by deposit of a semiconductor solution- 
processed thin film material active region thin film layer 42 and its laser heating 
to change its material state. Conductive solution-processed thin film material 36 
is deposited on the semiconductor active region thin film layer 42. In FIG. 4B, 

10 laser irradiation 38 tuned to a wavelength that will be selectively absorbed by 
the conductive solution-processed thin film material 36 is used to pattern a 
transistor channel 40 between the source and drain contacts 30 and 32. The 
transistor channel 40 is understood to operate in the active region thin film layer 
42, but the gap between the source and drain contacts 30 and 32 and created 

1 5 by the ablation defines the channel location. 

Referring now to FIGs. 5A - 5C, a third exemplary embodiment formation 
method and solution-processed thin film transistor 50 of the invention are 
illustrated. Initially, conductive solution-processed thin film material is patterned 
upon the substrate 34 to form a gate contact 46. As in the other embodiments, 

20 the gate contact 46 may be patterned roughly by a deposit and then refined by 
laser ablation. The gate contact 46 may also form part of a circuit interconnect 
pattern. A dielectric solution-processed thin film material thin film layer 44 is 
then formed over the gate contact 46 and exposed portions of the substrate. 
Conductive solution-processed thin film material 36 is deposited on the dielectric 

25 solution-processed thin film material layer 44. In FIG. 5B, laser irradiation 18 
tuned to a wavelength that will be selectively absorbed by the conductive 
solution-processed thin film material 36 is used to pattern a transistor channel 
40 between the source and drain contacts 30 and 32. A semiconductor 
solution-processed thin film material is then deposited over the source and drain 

30 contacts and exposed portions of the dielectric solution-processed thin film 
material layer to form semiconductor solution-processed thin film material active 
region thin film layer 42. 
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FIGs. 6A and 6B illustrate an exemplary embodiment device isolation 
step for the FIGs. 3A - 3C formation method. FIG. 6A illustrates two transistor 
devices 8 formed in accordance with FIGs. 3A - 3C. The transistor devices 8 
are formed as part of a single integration. In FIG. 6B laser irradiation 52 is 

5 tuned and controlled to ablate layers down to the substrate 34. The laser 
radiation may be varied in intensity or wavelength during the ablation of multiple 
layers. The ablation thereby creates a device isolation 54. In FIG. 6B, the 
device isolation takes the form of a gap. The gap may also be filled with 
isolation material, such as dielectric solution-processed thin film material. FIG. 7 

10 illustrates a device isolation step for two transistor devices 48 formed in 
accordance with FIGs. 4A - 4C. In the exemplary embodiment of FIG. 7, the 
laser irradiation is tuned and controlled to form a device isolation 56 through the 
semiconductor layer up to the dielectric solution-processed thin film material 
layer 44. An optical mask may be used to create multiple features 

15 simultaneously, such as multiple device isolations 56. As in FIGs. 6A and 6B, 
the device isolation takes the form of a gap and also may be filled with isolation 
material. 

While specific embodiments of the present invention have been shown 
and described, it should be understood that other modifications, substitutions 
20 and alternatives are apparent to one of ordinary skill in the art. Such 
modifications, substitutions and alternatives can be made without departing from 
the spirit and scope of the invention, which should be determined from the 
appended claims. 

Various features of the invention are set forth in the appended claims. 
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